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Electronic structure of ultrathin cobalt films on W(110)
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Ultrathin films of cobalt on W(110) are investigated by angle-resolved photoelectron spectroscopy ex-
cited with unpolarized and linearly polarized He I radiation. The epitaxial growth of the films is studied
by reflection high-energy electron diffraction, x-ray-excited photoelectron diffraction, and Auger elec-
tron spectroscopy. The influence of symmetry, packing density, and film thickness on the electronic
structure is discussed. The band structure of the quasi-two-dimensional systems is mapped out and com-
pared with full-potential linearized augmented-plane-wave calculations for the pseudomorphic mono-
layer of Co on W(110) and for the unsupported close-packed monolayer.

I. INTRODUCTION

Ultrathin transition-metal films, that is films with
thicknesses up to several monolayers, have attracted in-
creasing interest in recent years, mainly because of their
unusual magnetic' and chemisorption properties. The
fundamental understanding of these properties requires a
thorough knowledge of the electronic structure of these
layers.

Starting with the pioneering work of Eastman and
Grobman, much effort has been devoted during the past
20 years to the understanding of the development of elec-
tronic structure from two- to three-dimensional character
(for a review, see Ref. 4). Most work on transition-metal
overlayers was directed at films on (100) and (111) sur-
faces of nonmagnetic fcc metals such as Cu, Ag, Au, Pd,
and Pt. Except for Pt, the specific surface energies of
these substrates are smaller than those of Fe, Co, and Ni
so that initial monolayer formation is thermodynamically
unfavorable unless encouraged by electronic film-
substrate interactions which favor alloying. ' Alloying
can be reduced and quasi-two-dimensional initial growth
encouraged by deposition at low temperatures, but it
would be desirable to grow thermodynamically stable
monolayers, which is the case at least for the first layer if
refractory metal substrates are used.

The refractory metals W and Mo are suitable sub-
strates from this point of view. They allow us to study
the thickness dependence of the electronic structure, the
inAuence of lateral periodicity changes, and also the effect
of the symmetry difference between film and substrate in
the case of Co and Ni. It has been known for some time
that the Ni monolayer on W(110) can grow in pseu-
domorphic (ps) and close-packed (cp) structures. The
growth conditions and the transition between these two
structures have been studied in more detail for Ni and Co
on Mo(110). This study also showed that below 450 K
no agglomeration of the material in excess of one mono-
layer occurred so that systematic studies as a function of
thickness in a quasi-monolayer-by-monolayer growth
mode can be made at room temperature. On the basis of
these considerations the electronic structure of the sys-

tern Ni/W(110) has already been studied. Here we re-
port the results of a similar study of the system
Co/W(110) for a comparison between fcc and hcp layers.
The goal is a better understanding of the relative impor-
tance of symmetry, packing density, film-substrate in-
teractions, and film thickness for the evolution of the
electronic structure.

II. EXPERIMENTAL PROCEDURE

The experimental setup has been described in detail
earlier. " Therefore, in this work we restrict ourselves
to its most important features and to the changes made.
The UHV system consists of a VG Instruments, Inc.
VG-ESCALAB spectrometer which is connected with a
refiection high-energy electron diffraction (RHEED) and
preparation chamber. The sample could be transferred in
UHV between the two chambers within 10 min. In the
course of this study a fast entry air lock was added for an
easier exchange of the sample. This required some
modifi- cations of the sample holder affecting the liquid-
nitrogen cooling of the sample. Therefore, the lowest
temperature accessible after this modification was 180 K
instead of the 100 K used earlier ' and in part of this
work.

The RHEED system was used to determine the struc-
ture, the growth mode, and the deposition rate. Details
may be found elsewhere. ' In the RHEED chamber, Co
was evaporated from a BeO crucible heated by a tungsten
coil and deposited at normal incidence at rates up to 1

monolayer (ML) per minute. During deposition the pres-
sure stayed below 8 X 10 Pa.

For photoemission the He i line (& v=21.22 eV) from a
Leybold capillary discharge lamp was used with a home-
built triple reAection polarizer, ' which gave a linear po-
larization of 90%%u~. For angle-resolved ultraviolet photo-
electron spectroscopy (ARUPS) the energy resolution of
the analyzer was set to 100 meV without and to 150 meV
with polarizer. The angular acceptance was +1' for
ARUPS and also in the measurement of the angular dis-
tribution of the Al Ka x-ray-excited photoelectrons. The
polar angle of emission of the photoelectrons was
changed by rotating the sample. The plane of emission is
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identical with the planes of incidence of the UV light and
of the x-ray beam. The photon sources were on different
sides of the analyzer at polar angles 0 of +36' for the
HeI beam and —38 for the x-ray beam. The sample
could also be rotated azimuthally.

For Auger electron spectroscopy (AES) a 1.8-keV, 3-

pA electron beam was used. The angular acceptance of
the analyzer was generally set at +12 . The Auger signal
was differentiated by modulation of the target potential
with 5 Vpp for the detection of impurities and 1 V for in
situ monitoring of the film growth. In the spectrometer
chamber Co was evaporated from a 10-mm-long and 5-
mm-diameter high-purity Co cylinder with a tight-fitting
2-mm coaxial ceramic tube inside, which was resistively
heated by a tungsten coil. After careful outgassing a
working pressure of less than 6X 10 Pa was reached at
deposition rates of about 0.1 ML/min. The contamina-
tion of the Co films by the residual gas was faster than for
Ni, allowing measurement periods of only 3 h without
noticeable influence on the ARUPS spectra.

The Co films generally were annealed for 1 min at
about 700 K up to and at 450 K above 1.0-ML coverage
in order to improve the order of the films without danger
of agglomeration. ' This resulted in sharper ARUPS
features.
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III. RESULTS

A. Structural characterization

RHEED intensity oscillations (Fig. 1) indicate quasi-
monolayer-by-monolayer growth of cobalt on W(110).
On the basis of simultaneous measurements with a
quartz-crystal microbalance' the constant period after
the third maximum is attributed to a film thickness of 1

ML with the density of the bulk layer material. The
damping of the oscillations depends not only on tempera-
ture, but also on the background pressure and the cleanli-
ness of the source as found for other materials. ' The
larger damping in the room-temperature deposition [Fig.
1(a)] is due to a faster approach to the steady state of ter-
races and steps. At 100 K [Fig. 1(b)] the nucleation rate
is higher and the diffusion length smaller, so that the sur-
face becomes rough on an atomic scale. However, the
film can be smoothed by annealing (see Sec. II).

The RHEED pattern shows the slightly broadened
substrate reflexes with little diffuse background intensity
up to a coverage of 0.7 ML. Then an eightfold super-
structure along the [001] azimuth appears as reported by
other authors, ' ' but the periodicity changes to about
7.2-fold at 1.0 ML. For the closely related Co/Mo(110)
system the same superstructures were found. Along
[110]the periodicity of the substrate is maintained.

We conclude that initially a low-density pseudomor-
phic bcc(110) monolayer is formed. Upon further Co
deposition the packing density increases by a factor of
9.2/7. 2 along [001]w, but is maintained along [110]w so
that a monolayer with approximate hcp structure is
formed. It is compressed by 1.2% in the [001]w direc-
tion and is dilated by 3.1%%uo along [110]w with respect to
the bulk Co(0001) plane.

FIG. 1. Intensity oscillations of the specular RHEED beam
during growth of Co on W(110) at room temperature (a) and at
100 K (b) with the [110]azimuth in the plane of incidence. The
primary energy was 15 keV, the glancing angles were 0.36 (a)
and 0.33' (b). Note that the time scales are different.

With further increasing coverage the superstructure
reflexes weaken and disappear completely at about 4 ML,
leaving a hexagonal pattern with the bulk lattice spacing
of Co(0001). Within our limits of error it is not clear at
what stage of epitaxy the distortion of the hexagonal lay-
ers vanishes. The final configuration consists of a misfit
vernier ([001]w) and of misfit dislocations ([110]w). The
orientation of the layers corresponds to the Nishiyama-
Wassermann orientation of fcc crystals with
(0001)c ~~(110)w and [1120]c ~~[001]w. The atoms in the
second layer can be located in two different equivalent
sites which causes twinning of the epitaxial film. The fol-
lowing layers grow, therefore, in two differently orientat-
ed domains with the natural hcp structure.

The hcp structure is confirmed by the angular distribu-
tion of the core-level photoelectrons, which is sensitive to
the local crystalline order of the outermost atomic layers
and allows us to distinguish between hcp and fcc stacking
of close-packed layers. ' This is a result of forward
focusing along close-packed rows of atoms which was cal-
culated recently for Co 2p3/2 photoelectrons excited with
AIR radiation (Ek;„=703 eV) in a slab of Co(0001).
Therefore we probed the direction sensitive to the stack-
ing sequence with polar angle scans for layers of 7 ML
[Fig. 2(a)] and 12 ML. The intensity asymmetry about
the normal emission is an effect of the changing angle of
incidence of the x-ray beam: at 52' the beam is incident
parallel to the surface. At —12 the rotation of the sam-



1796 H. KNOPPE AND E. BAUER 48

pie was mechanically limited. The smoothed background
at 800 eV kinetic energy [Fig. 2(a)] was multiplied by a
constant factor and then subtracted. The result is shown
in Fig. 2(b) together with the calculated polar scan' for
the /=90' azimuth of step-averaged Co(0001).' Because
of twinning and because of monoatomic steps, both
domains with C3„symmetry are present which gives ma-
croscopically a C6, symmetry for the growing Co film.
Intensity differences between the two curves are due in
part to the different geometry in the calculations. ' The
experimental curve has two main structures centered at
0' and 35' separated by a minimum at 15'. The calcula-
tions yield a minimum at 20, but there is rather good
agreement for the peaks at 0', 9', 30, 35, and 43 . The
theoretically predicted peak at 57' is suppressed by the
glancing incidence of the x-ray beam.

The deposition rate of the evaporator in the analyzer
chamber was calibrated to the RHEED coverage scale by
AES in the following manner: A Co layer of 0.80 ML,
which showed the eightfold superstructure, was prepared
in the RHEED chamber and transferred in uacuo to the
analyzer chamber in which the Co deposition was contin-
ued with in situ monitoring of the AES signal. The upper
of the two curves in Fig. 3 taken at normal emission
shows the development of the differentiated Co
3fp 3Af4 53f4 5 Auger-electron signal obtained in this
manner. It was multiplied by a constant factor in order
to separate it from the curves obtained by continuous
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FICx. 2. (a) Polar scan of the Al E'a radiation excited Co
2@3/2 photoelectron distribution (Ez;„=703 eV) from a film of
7-ML Co on W(110) in the [110] azimuth of tungsten (upper
curve', count time 15 s per data point) and smoothed back-
ground at Ek;„=800eV (lower curve). (b) Calculated polar scan
(solid curve, Ref. 18) for step-averaged Co(0001) in the /=90'
azimuth (Ref. 17) compared with the data of (a) after back-
ground subtraction (curve with data points).
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FIG. 3. DifFerentiated intensity of the Co MQ3M45M45
Auger electrons (E =53 eV) during growth of Co on W(110) at
room temperature. The curves were taken at normal emission
(9=0 ) and at 30' off normal in the [110] azimuth. The top-
most curve was taken after 0.80-ML Co were deposited in the
RHEED chamber, see text. Continuous recording.

B. Normal emission ARUPS

An overview of the evolution of electronic structure
with increasing coverage is given in Fig. 4. Here, cobalt
was deposited cumulatively at room temperature in doses
of 0.206 ML, exceptionally without annealing. At the
bottom the ultraviolet photoemission spectroscopy (UPS)
spectrum of clean W(110) is shown. The other spectra
are shifted vertically for clarity. The sharp monolayer
peak close to the Fermi level (Ez) at 0 eV shifts only a lit-
tle to a higher binding energy (E~) during the transition
to the cp monolayer and is visible up to 2.5 ML. During
the growth of the second and third monolayer broader

deposition from the beginning in the analyzer chamber.
The maximum possible ps coverage of 0.78 ML is marked
by 1 MLb„. At room temperature the curve breaks that
indicate the onset of the ps-to-cp monolayer transition
are always found at somewhat smaller coverages. Details
on the nature of this transition are given else-
where. ' ' ' The polar angles 0 and 30 were chosen in
contrast to the more usual value of 42' for spectroscopy
with cylindrical mirror analyzers, ' because detailed
measurements show ' that at 42' the sensitivity to the
ps-to-cp layer transition is rather poor. The differences
are due to the inhuence of backscattering of low-energy
Auger electrons in angle-resolved spectroscopy. Thus, in
Fig. 3, the maximum at 1 MLb„ for 0' is caused by in-
creased backscattering of Auger electrons from Co atoms
in substrate lattice site positions by the substrate. Line-
shape changes can also lead to slope changes in AES
curves, ' but these are expected to depend little upon
emission angle, in contrast to the 30' curve in Fig. 3
which has a quite different coverage dependence. Anoth-
er prerequisite for sharp slope changes at the structural
transitions is contamination-free deposition as stated
above. During the growth of the following layers the Co
signal increases monotonically with rounded slope
changes close to integer monolayers, indicating the start
of a new monolayer before the completion of the preced-
ing layer.
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FIG. 4. Normal emission ARUPS spectra of Co/W(110) as a
function of coverage at room temperature, excited with unpo-
larized He I light. The first curve is from the clean tungsten sur-

face, the others are shifted for clarity. The parameter is the
thickness in hcp monolayers (ML). The lines i) and ii) indicate
the energies at which the data of Fig. 5 were measured.
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structures at higher E~ develop and increase in intensity.
At 4 ML the peak shape characteristic of thicker films is
reached, except for the surface-state emission at E~ =0.3
eV, which is weak at h v=21 eV and becomes detectable
as a small shoulder only above 4.8 ML.

The evolution of the intensities at the energies marked
by lines i) and ii) in Fig. 4 during continuous Co deposi-
tion is shown in Fig. 5. Curve i) taken at EII=0.19 eV
close to the monolayer peak clearly shows the effect of
the structural transition whereas curve ii) at 0.67 eV
shows the bulk band intensity and is rather insensitive to
the structural change. Linear segments within the curves
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indicate approximate layer-by-layer growth. As in Fig. 3
the rounded transitions are due to deposited atoms which
are no longer incorporated and already start the growth
of the next layer, because, even at room temperature, the
diffusion length is limited. The especially large rounding
at the transition from the second to the third layer is due
to the fact that the layer wants to grow in the Stranski-
Krastanov mode but is kinetically limited to do so. The
subsequent growth is dominated by Co-Co interactions
and, therefore, is more homoepitaxylike which favors
Frank —van der Merwe-type growth.

Normal emission spectra, excited with He I light,
linearly polarized parallel (p) or normal (s) to the plane
of incidence of the light, are shown on the left- and
right-hand side, respectively, of Fig. 6. Assuming, as
usual, total symmetric final states, we have even and odd
initial states with respect to the mirror plane containing
the [110]w azimuth in this case, excited with p- and s-
polarized light, respectively. The components of the vec-
tor potential A are given with respect to the [001]w az-
imuth as the x direction, z is normal to the surface.

The lower part of Fig. 6 shows the spectra of the sub-
strate, of the ps and cp monolayer and double layer, and
the upper part shows spectra of thicker layers. The Co
films have been annealed (see Sec. II). The sharp peak of
the left bcc monolayer spectrum (0.7 ML) is very close to
the Fermi level. At 1.0 ML the peak position of this even
state is shifted somewhat from Ez and its intensity has in-
creased significantly. The monolayer spectra excited with
s-polarized light react very differently to the ps-to-cp
transition. The rather broad band of the ps layer at
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FIG. 5. Electron spectroscopic signals in normal emission
geometry during deposition of Co on W(110) at room tempera-
ture obtained with unpolarized He I radiation. The binding en-
ergies of curves i) (0.19 eV) and ii) (0.67 eV) are marked in Fig.
4. Continuous recording.
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FIG. 6. Normal emission ARUPS spectra as a function of Co
coverage on W(110), excited with polarized HeI light. The
[110]~azimuth is in the plane of incidence of the light. The
lower parts of the figure show the spectra from clean W(110),
from the bcc and hcp monolayers (0.7 and 1.0 ML) and from the
double layer (2.0 ML). The upper parts show the spectra from
2.0 to 8 ML of Co. The components of the vector potential A
are given for the left and right panel (p and s polarization)
(x)~[001]~,y)~[110]~, z normal to surface). The Co films have
been annealed at 700 K up to and at 450 K above 1.0 ML. At
the energies A —E the data in Fig. 7 were measured.
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E~ =0.95 eV vanishes and a new peak appears at 0.19 eV
for 1.0 ML.

With increasing film thickness the sharp even band (p-
polarized light) at the Fermi edge vanishes at more than 3
ML and the even bulk band at E~=0.85 eV begins to
form. The odd double-layer band is rather broad (Fig. 6,
right side) and changes into the bulk band at 0.64 eV
dominating the unpolarized spectra.

Rotating the sample azimuthally by 90' and exchang-
ing p and s polarization yields almost the same spectra,
which shows that the corresponding states are excited by
the A or the A components. Only the rather weak
structure at 0.95 eV for 1.0 ML (Fig. 6, left side) becomes
visible then for both polarizations, which means that this
structure consists of two components. One is excited by
the A part and the other by the A, part of the vector
potential. The latter is also responsible for the excitation
of the 0.3-eV surface state belonging to the total sym-
metric representation. It is visible weakly in the upper
left part of Fig. 6 for 5 and 8 ML.

Figure 7 shows the intensities at selected energies
versus coverage in normal emission comparable to Fig. 5
but excited with polarized light with the [001 jw azimuth
in the plane of incidence. The energy positions of curves
A to E of Fig. 7 are marked in Fig. 6 for the correspond-
ing A and A light vector components. Curves A and B
in Fig. 7(a) are, in general, similar to those of Fig. 5 taken
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FICi. 7. Same as Fig. 5, but using polarized light with the
[001]~azimuth in the plane of incidence of the light. The com-
ponents of the vector potential A are given for (a) and (b) {sand
p polarization). The curves A —E were taken at the indicated
energies, which are also marked in Fig. 6. Curve C was shifted
vertically by 1500 counts/s for clarity.

with unpolarized light but, unlike curve i) in Fig. 5, curve
B has an almost constant slope between 2 and 5 ML and
curve A is more sensitive to the structural transition than
curve ii) in Fig. 5. The response of the intensities in Fig.
7(b) to the change of the monolayer structure is quite
different. During ps growth curve E taken at 0.17 eV
even decreases and then sharply increases as the cp struc-
ture starts to form. In contrast to curve B at similar en-
ergy it has a clear maximum at 3 ML. Curve C peaks at
the bcc monolayer and has a minimum at 1.0 ML. D was
taken close to the dominating bulk peak and decreases
slightly from 0.7 to 1.0 ML.

Summarizing, we find similar intensity changes at cov-
erages above 1 ML for curves A and D, but different
signs of slope at the 0.7-ML ps-cp transition explaining
the insensitivity to the structural change of curve ii) in
Fig. 5 taken with unpolarized light. The intensities closer
to the Fermi level (curves B and E in Fig. 7) very clearly
show the effect of the structural change beginning at 0.7
ML. Also, despite the lower intensity, the linear seg-
ments due to the layer-by-layer growth are better
resolved in the measurements with polarized light.

C. QHf-Normal photoemission spectra
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FIG. 8. Same as Fig. 7 but with the sample rotated 30' ofF'

normal in the [001]~azimuth using p-polarized light; Es =0.03
eV.

In order to obtain the k~I dependence of the energy
bands of the Co layers (see below), ARUPS scans with the
polar angle as parameter were made for coverages from
0.6 to 12 ML. The energy range 0—5 eV binding energy
was studied, but characteristic Co bands were found only
from E~ to 2 eV. Many series of spectra were taken us-
ing unpolarized light, but polarized light was used also in
order to resolve even and odd symmetry bands with
respect to the two mirror planes of the W(110) substrate.

For convenience, the film thickness was determined us-
ing the changes of the ARUPS intensities shown above.
That this method can also yield valuable information in
off-normal geometry is illustrated in Fig. 8 at the polar
angle 9=30' along [001]w for p-polarized light. The pro-
nounced peak at 0.7-ML coverage is caused by an even
state which is characteristic for the ps monolayer. This
state is visible in Fig. 9(a) close to E~. Figure 9 was taken
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factory mirror symmetry about 0' of the peak positions,
but not of the intensities. The even bands are intense in a
small angular range at negative polar angles. The same
unexpected strong influence of the angle of incidence of
the light was observed in the Cu/W(110) system. '

D. Two-dimensional band structures

The parallel component of momentum of the initial
electronic states is given by the polar angle of emission 0
and the kinetic energy of the electron in vacuum,

k~~ =sin(8)[(2m /fi )E„;„]'~

Assuming k~~ conservation during the photoemission pro-
cess, this formula gives the momentum of purely two-
dimensional initial states.

The Co-induced bands of the ps monolayer are mapped
out in Fig. 11 where the peak positions of the spectra tak-
en with polarized light plotted against the absolute value
of k~~ for the [001]and the [110]azimuth. Even and odd
initial states with respect to the corresponding mirror
planes are marked by crosses and circles, respectively.
As mentioned in Sec. III B these states are excited by p-
and s-polarized light, respectively. Thus, when the mir-
ror plane is changed by turning the sample, the bands
that change their parity at k~~

=0 have crosses on one side
and circles on the other side of I in Fig. 11. The data
measured with unpolarized light yield no additional in-
formation here. The inset shows the bcc(110) surface
Brillouin zone. In the repeated zone scheme there is mir-
ror symmetry with respect to the first zone boundary in
the [110]azimuth at N only; along [001] beyond H the
point X is reached again.

At the I point the bands 1 and 2b dominate the spec-
tra, while band 2a is a weak feature with the same parity
as band 2b. Along I N band 1 is even (crosses) with pa-
rabolalike dispersion, and along I H it is odd (circles) and
exactly flat at E~. This is a hint that its true energy posi-
tion lies probably above the Fermi level (compare the
sharpness and position of the corresponding peak in Fig.
6, bottom left for 0.7 ML). In between I and H close to
EF is the intense even band (crosses) which caused the

sharp maximum at the coverage 0.7 ML in Fig. 8 and was
shown in Fig. 9(a). The polar angle 0=30' therein corre-
sponds to k~~=1.0 A '. Figure 9(b) (8=51 ) shows the
odd band at 1.6 A between H and N. Along [110]the
even states close above band 1 and the two bands around
N are rather weak features in the spectra.

Figure 12 shows the band mapping for the cp mono-
layer. The surface Brillouin zone of the Co(0001) plane
and its azimuthal orientation with respect to the sub-
strate are shown in the inset. Band 1 is comparable to
band 1 of the ps structure in Fig. 11, with slightly lower
energy at I and enlarged dispersion in the [110]w direc-
tion. The most striking feature in the spectra of the cp
monolayer is an intense odd band at all polar angles
along the [110]w azimuth, which appears throughout the
whole Brillouin zone along I M in Fig. 12 (right side,
band 2, circles). Band 2 is even with large dispersion
along [001]w (crosses) and odd along [110]w (circles)
where it crosses band 1 and a weaker second even band
close to I .

At about the same energy position as band 2b for 0.7
ML (Fig. 11), weak states are found for 1.0 ML (bands 3
and 4, Fig. 12), but the parities are different, compare
Fig. 6 and Sec. III B. Completely new are two even pa-
rabolalike bands that are approximately symmetric to M,
which are also weak in the spectra. Therefore, data
points taken with unpolarized light (dots) are added in
Fig. 12. Closer inspection reveals that the symmetry
center of these bands corresponds rather to the %point of
the bcc(110) structure. This is consistent with the un-
changed packing density of the slightly distorted hexago-
nal Co monolayer in the [110]w azimuth which was men-
tioned in Sec. III A. Along the [001]w azimuth we find
several new states which are rather broad features in the
spectra (compare Fig. 9). In this direction the large
change in packing density is clearly reflected by the even
band (crosses) at point F7.

The growth of the second atomic layer with hexagonal
symmetry influences the electronic structure strongly. In
Fig. 13 the data for 2.3 ML in the [110]w azimuth con-
verted to E(k~~ ) are shown. At this coverage the intensity
asymmetry with respect to normal emission mentioned
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obtained with p- and s-polarized light, respectively. The band
numbers refer to Table I. The inset shows the surface Brillouin
zone of W(110)~

FICz. 12. Same as Fig. 11 but for the hexagonal monolayer
(1.0 ML). Data points from measurements with unpolarized
light dots) are included for the parabolalike bands at M. The in-
set shows the surface Brillouin zone of the Co(0001) plane.
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above is still present, compare Fig. 10(a) for 1.9 ML. The
even band 1 with large dispersion (crosses), which is
strong only at negative polar angles corresponding to
negative kii values in Fig. 13, and the second Bat even

0
band between 0 and 0.7 A ' are similar to the even
monolayer bands close to EF (Figs. 11 and 12). The odd
band 2 at I, instead, has considerably lower energy and
splits at about 1 A ' in the double layer. The odd states
(circles) closest to E~ are observed only at coverages
exceeding 2.0 ML and are sharpest at 2.9 ML.

For comparison, the kii dependence of the photoernis-
sion features of a 12-ML-thick Co film is shown in Fig.
14. At this thickness the band structure is already three
dimensional so that E(ki ) does not represent a physically
meaningful dispersion relationship. Yet, the split odd
bands at M are very similar to those shown in the previ-
ous figure. The band 4 at Ez =0.3 eV around I is attri-
buted to the bulk surface state.

IV. DISCUSSION

We start with a symmetry analysis of the Co bands at
the I point following the method described earlier. '
As mentioned in Sec. IIIB all strong Co-induced states
detected at 0=0 have difFerent parities with respect to
the two mirror planes of the W(110) substrate. Thus, the
observed bands are d, - and d, -like at I, except for the
bulk surface state at 0.3 eV (Ref. 22) and the feature at 1

eV for 1.0 ML, which are d 2 2-like. Electric-dipole
transitions in normal emission geometry from d 2X

FICi. 14. Same as Fig. 13 but for a 12-ML-thick Co film.

and dxy like states cannot be observed. Table I lists the
binding energies E~ at 1 (referred to EF) for characteris-
tic coverages. The band number was chosen in a way to
allow for a comparison of states with the same orbital
character.

Recently, in a study of the Cu on W(110) system, states
with strong interfacial character were discerned from
those with pure overlayer localization by their intensity
decrease with increasing coverage in connection with
band-structure calculations. For Co on W(110) the situ-
ation is more complicated because the structural transi-
tion, which occurs for Cu in the double layer, ' occurs al-
ready in the monolayer. The change from twofold to six-
fold symmetry certainly has a strong inhuence on possible
interface states of the pseudomorphic Co layer on W(110)
as will be shown in the following. For hexagonal Co on
W(110) the formation of interface states is rather unlikely
due to the disturbance by the incommensurability with
7.2-fold periodicity along [001]w.

One candidate for an interface state with nearly un-
changed energy and decreasing intensity from 1 to 3 ML
is band 1 (Table I, Fig. 6, left side). But for 1.0 ML it can
be explained by a Co layer band (see below).

A. The pseudomorphic monolayer

In order to assess the inhuence of symmetry, packing
density, film-substrate interaction, and film thickness on
the electronic structure a comparison with reliable band-
structure calculations is very helpful. For the bcc mono-
layer (0.7 ML) of Co on W(110) these were performed by
Weimert, Noffke, and Fritsche using the full-potential
linearized augmented-plane-wave (FLAPW) method.

TABLE I. Coverage dependence of the binding energies (in eV) of the Co states at I . The band number refers to Figs. 11—14, the
orbital character is given with respect to the x coordinate parallel to the [001]w direction and z normal to the surface. The true ener-
gy positions of the states marked by an asterisk are possibly above EF.

Band
number 0.7 1.0

Coverage (ML)
2.0 3.0 12

diaz

xz

d)pz

d, —,

0.08*
(a) 0.60,(b) 0.95

0.12
0.19
0.95
1.00

0.14
0.39

0.17
0.47
0.73

0.57
0.84

0.07*
0.59
0.86
0.3

0.07*
0.64
0.85
0.3
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Their sample consists of a slab of five W(110) layers with
one pseudomorphic Co layer on each side. The Co atoms
at W lattice sites were relaxed vertically by 0.21 A ac-
cording to their smaller size.

Figure 15 shows the FLAPW-calculated spin-resolved
Co bands. The majority (spin-up, triangles) and minori-
ty (spin-down, squares) states with more than 80% and
60% localization within the Co layer (filled and open
symbols, respectively) were selected to allow for a com-
parison with the measured bands mapped out in Fig. 11.
In Table II the binding energies of the calculated states
are compared with the measured data for the ps mono-
layer at I, N, and H. States with more than 80% locali-
zation within the Co layer are underlined, those with less
than 60% are given in parentheses. The calculations gen-
erally yield symmetric (s) and antisymmetric states (a)
with respect to the center plane of the slab. The devia-
tions between their energies increase with decreasing sur-
face localization. This is connected with the fact that
only purely two-dimensional electronic states are de-
scr we by kll'

At I the Co minority bands (l) with d ~, and d,X —y
character are found somewhat above the Fermi level.
The d„, state is observed in the normal emission spectra
(Fig. 6, left side, 0.7 ML) directly at EF, so that the ex-
perimental binding energy is uncertain, but the large
dispersion of band 1 (Fig. 15) below EF from I to N
agrees quite well with the measurements (Fig. 11,band 1).
Along I H this band 1 (Fig. 11) is odd and stays exactly at
EF until it decreases in intensity at about 0.5 A . At
about the same kll value the odd calculated states lose
their Co localization and disperse to higher Ez.

The d & 2
&

band above EF increases in energy alongx —y, $

I H beyond 0.5 A (Fig. 15). Between about 0.3 and 1

A ' it can be correlated with the intense even band along
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FIG. 15. Calculated spin-resolved band structure (Ref. 25)
for one pseudomorphic, vertically relaxed Co layer on each side
of a slab of five W(110) layers. Triangles and squares denote
majority (spin-up) and minority (spin-down) states, respectively,
which are localized with more than 80% (full symbols) and 60%
(open symbols) within the Co.

[001] at E~ [Figs. 11 and 9(a)]. The weak even states
above band 1 along [110] (Fig. 11, k~~ (0.5 A ') can be
explained by the same d 2 2

&
band. As mentioned be-

fore, states with this character cannot be observed in nor-
mal emission geometry, that is at I .

The majority band dy, &
1.2-eV below dy, &

is localized
in the Co layer with almost 100% at I only (Fig. 15).
For finite kll values the Co localization rapidly decreases
as a result of interaction with W states. As shown in Fig.
6 states with d, symmetry at I are not observed around
E& = 1 eV in experiment.

Because of its symmetry the strong d, -like peak at
E~ =0.95 eV (Fig. 6, right side, 0.7 ML) can be identified

TABLE II. Comparison of theoretical (Ref. 25) and experimental binding energies (in eV) of spin-up ( f') and spin-down ( $ ) states
of the bcc Co monolayer on W(110) (0.7 ML) at I, 1V, and H. The calculated states listed here have more than 60% surface localiza-
tion and are also shown in Fig. 15, except for d, ~ at I (47%, in parentheses). The Ez values of the states with more than 80% local-
ization are underlined. The predominant orbital character is given. s and a refer to symmetric and antisymmetric states with respect
to the center plane of the CoW, Co slab. (For E~ marked by an asterisk, compare Table I.)

~expt

dx2 y2—0.094
—0.179

dyz J

—0.079
—0.079

yZ

0.08*

d 2 2
J

0.814
0.814

(d, g)

(0.863)
(1.042)
xz

0.60, 0.95

dxy, $

(0.877)
(0.939)

dyz

1.125
1.126

+expt

d 3Z2 —r, $

0.087
0.173
even
0.12

Qdd

0.25
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0.546
0.546

d
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Hexpt
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0.392
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as the minority d„, ~
state with only 47% Co localization

(Table II, not included in Fig. 15), but with a localization
of 26% in the top W layer. Thus, this state is rather an
interface than a Co rnonolayer state. It can be interpret-
ed as being hybridized with the W-5d bands. (Compare
the energetic positions of the W features in Fig. 6.) The
nature of the weaker feature at Ez =0.60 eV is not obvi-
ous.

The intensity is strongly enhanced also below 1 eV in
Fig. 6, right side, for 0.7 ML. This is possibly due to in-
terface states or a Co-induced enhancement of substrate
bulk states, which should be checked with a tunable light
source. A hint for the interfacial character of the d,
state at E~ =0.95 eV is its disappearance upon the transi-
tion to hexagonal symmetry.

At the Brillouin-zone edges N and H two bands agree
with minority states (see Table II), but the odd band at N
cannot be explained by calculated states of similar disper-
sion and the same parity.

—0.5

O
0.0

C3

0.5
LIJ

EF

1.0
Cl

CD

1.52.0 1.5 1.0 0.5 0.0 0.0 0.5 1.0 1.5
K, (A') KI (4')

FIG. 16. Calculated paramagnetic band structure (Ref. 27)
for an unsupported hexagonal monolayer of Co. Even and odd
bands with respect to the I E and I M mirror planes are marked
by crosses and circles, respectively. From top to bottom the
bands are d„,- and d~, -like (degenerated), d„~- and d 2 2-like

X

(degenerated), and d 2 2-like at I (Ref. 27).

B. The hexagonal monolayer

To our knowledge band-structure calculations for hcp
Co rnonolayer systems have been performed only for the
unsupported monolayer. The relevant parts of the non-
spin-polarized band structure obtained by Wimmer
with the FLAPW method have been replotted in Fig. 16
in the scale of Fig. 12 for better comparison. The orbital
character of the states at I from bottom to top is d3
d 2 2 and d„» (degenerated), d, and d», (degenerated).x —y
Quantitative agreement with the experimental data of
Fig. 12 would be rather surprising, because the Co rnono-
layer interacts strongly with the W substrate and is ex-
pected to be ferromagnetic. But due to the high coordi-
nation number in close-packed layers the lateral interac-
tions will dominate the two-dimensional electronic bands
and ferrornagnetisrn will mainly cause a constant ex-
change splitting of majority and minority bands, so that a
qualitative comparison should be possible.

Indeed, the dispersions of the d„,- and d, -like bands 1

and 2 in Fig. 12 for 1-ML hcp Co/W(110) are, in general,
similar to those in Fig. 16 at about 0.45-eV higher energy
(fiat for odd bands, large and downwards around I for
even bands), but the d„, and d», states at I are not degen-
erated as required by group theory for hexagonal syrnme-
try. Obviously, the electronic structure of the Co rnono-
layer is disturbed by its distortion (see Sec. III A) and by
the underlying substrate C2, symmetry. The observed
shift of the d, to higher and of the d, band to lower E~
at I explains the crossing of bands 1 and 2 (Fig. 12) along
[110]w.

For the parabolalike even bands around M in Fig. 12,
there are two possible explanations. The first one is that
they are the two even bands (crosses) of Fig. 16 which
end at Ez (d-like) and 2.8 eV above Ez (s-like) at M.
The second one would be an interpretation as an ex-
change splitting of the d-like band of about 0.6 eV at M.
Other possible exchange-split states can be found at I,
where weak d, states are 0.83 eV below the dominating
d, band 1 (Fig. 12, Table I). Compared to the calculated

exchange splitting of the bcc monolayer [1.2 eV at I, 1.0
eV at N (Ref. 25)] this reduction to about 0.8 eV at I and
0.6 eV at M appears rather large. However, theoretical
predictions give similar trends connected with increas-
ing d-orbital overlap.

C. The electronic structure of thicker Slms

We now turn to the electronic structure of Co films
with two and more hcp(0001) layers thickness. For the
double layer a shift of the d„, band (Table I, circles in
Figs. 12 and 13) and broad structures (Fig. 6) were ob-
served at I . The increased number of Co atoms in the
two-dimensional unit cell increases also the number of
electronic states. This is observable too for the third Co
layer, where a new sharp band close to EF and symmetric
to M appears, visible already for 2.3 ML in Fig. 13. The
split odd bands which exist in the double layer are better
resolved than comparable states in the Ni/W(110) sys-
tem, but the antibonding band which was clearly ob-
served in this system is not seen in Co, probably because
it is located above EF.

A comparison of many series similar to Fig. 10 shows
for the [110]w azimuth that the He I spectra qualitatively
do not change much above 4 ML. They are dominated
from there by three-dimensional direct transitions, as is
Ni on W(110). In this respect the surprising similarity
between the dispersions of the dominating odd split
bands in the double layer (Fig. 13) and in thick films (Fig.
14) reveals that the lateral interaction within the close-
packed Co layers is an important factor governing the
shape of these bands.

A comparison with photoemission experiments of Co
single-crystal (0001) faces shows, in general, good agree-
ment in the normal emission peak positions between the
12-ML-thick film (Table I) and the bands of Ref. 31
which are accessible with hv=21. 22 eV. In detail they
differ: our strongest peak at E~ =0.64 eV is only a weak
structure for h v (21 eV (Ref. 31) and is not visible in the
Her spectra of Ref. 32. The sharp feature at E~ [Fig.
10(b)] is observed in Ref. 31 only as a weak shoulder at
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h v=21 eV.
These intensity differences can be attributed only in

part to different angles of incidence of the light and to the
poorer angular resolution in the previous studies. The
strong difference between the spectra taken with s- and
p-polarized light (Fig. 6, 8 ML) is, however, unexpected
in normal emission geometry on C6, and C3, crystal
faces, because single group theory predicts degeneration
of even and odd states at I .

D. Comparison with other systems

It is interesting to compare the ps and cp monolayer
results for Co with those of its neighbor in the periodic
system Ni which forms the same monolayer structures on
W(110), but is presumably paramagnetic. Upon the ps-
to-cp transition, the d, overlap increases largely as a re-
sult of the increase in packing density along [001]w, and
along the same direction the band shape changes very
much, both for Co and Ni, respectively. For Co the
bands 2 in Figs. 11 and 12 significantly differ in their
shape also along [110]w and in their binding energy at I
(Table I), but for Ni the corresponding bands are very
similar and only increase in intensity. The reason for this
difference between elements with similar electronic
configuration may be sought in the interfacial character
of the band 2b of the ps Co monolayer, thus in the
difference of the film-substrate interaction between Co
and Ni on W(110).

A rigid shift of the calculated band structure for the
unsupported hexagonal Ni monolayer by 0.73 eV to
higher E&, justified by the binding of the monolayer to
the W substrate in connection with charge redistribution,
gives quite good agreement along I M with the experi-
mental data for the hexagonal Ni monolayer on W(110).
Both for Co and Ni on W(110) the d, and d», bands are
not degenerated at I, but are shifted in opposite direc-
tions in the two metals and thus cross along I M for Co
and along I E for Ni.

On other substrates, layer-by-layer growth of hcp(0001)
Co has also been reported for Cu(111). At h v=25 eV
and 1 ML the normal emission ARUPS peak is rather
broad; at two layers it already resembles the bulk peak
form. The authors concluded that the exchange splitting
AE„,b of the monolayer at I and K is 0.7 and 0.5 eV, re-
spectively. These values are close to those proposed in
Sec. IV B for the cp monolayer on W(110). Recent mea-
surements, however, give an exchange splitting of 1.05 eV
independent of Co film thickness on Cu(111) and indicate
initial bilayer instead of monolayer growth. " According
to theoretical predictions and AES measurements,
however, the growth mode of Co on Cu(111) is still an
open question.

Co on Cu(001) forms metastable fcc(001) layers. For
the monolayer AE,„,k=0. 8 eV was reported, whereas
calculations for thicker "face-centered-tetragonal lay-
ers" yield hE„,z =1.3 eV. Other calculations for Co
on Ag(001) yield similar high values. ' The monolayer
and double-layer photoemission spectra of Co on Au(001)
(Ref. 39) are almost structureless.

V. SUMMARY AND CONCLUSIONS

The pseudomorphic (bcc) and the close-packed ("hcp")
monolayers of Co on W(110) have narrow d bands, simi-
lar to Ni on W(110). Dissimilar to Ni, in which the dom-
inating bands are located 0.65 eV below E~, they are
within 0.2 eV of E~ in the case of Co. A comparison
with band-structure calculations for a bcc Co monolayer
on W(110) allows us to identify them as minority bands.
The majority bands are displaced by exchange splitting
1.2 and 1.0 eV downward at the I and N points, respec-
tively, where they overlap with a region of high W 5d
density of states. Due to the resulting delocalization they
could not be observed. The results indicate a smaller ex-
change splitting in the cp monolayer, 0.85 and 0.6 eV at
the I and M points, respectively. As judged by the spec-
tra, the electronic structure of the close-packed mono-
layer differs significantly from the pseudomorphic layer
in the case of Co, but not in the case of Ni on W(110).
Band-structure calculations are needed for a detailed dis-
cussion.

The inhuence of symmetry and packing density is seen
in the difference between ps and cp monolayers; the
inhuence of film-substrate interaction is evident in the
formation of an interface state in the ps Co monolayer on
W(110) and in the comparison of the cp monolayer with
the double layer on W(110) and on Cu(111). A factor
which appears to be important for the shape and location
of the major bands in close-packed layers is the lateral in-
teraction. This follows from a comparison of the bands
in the I M direction (parallel [110]w) in which the
periodicity of film and substrate is very similar. As a re-
sult the bands of the cp monolayer on W(110) are compa-
rable to those of an unsupported monolayer, and the
bands of the double layer already are similar to those of
thick films. In contrast, the bands change strongly with
the ps-to-cp transition along the direction with large
misfit ([001]w), the I E direction.

The results reported here not only give a detailed pic-
ture of the evolution of the electronic structure with film
thickness but also show the usefulness of UPS for the
evaluation of the structure and perfection of the layers.
The perfection is seen in the sharpness and intensity of
the bands, in particular in the submonolayer range and
up to about 3 ML. The spectra from the 12-ML-thick
film are as sharp or sharper than those from bulk
Co(0001) single-crystal surfaces. Above 4—5 ML little
change is seen in the spectra so that bulk surface proper-
ties are to be expected from this thickness on upward in
agreement with chemisorption studies. Below this thick-
ness the changes of the electronic structure allow us to
select characteristic energies at which the UPS intensities
are very sensitive to structural changes, for example from
bcc to hcp packing, and —upon closer inspection —to the
layer growth: linear segments corresponding to succes-
sive monolayers appear. The rounding of the transitions
between them gives information on deviations from per-
fect layer growth. Thus, UPS gives information similar
to and sometimes even better than AES.
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